This paper presents the verification and applications of a numerical model developed for biaxially loaded high strength thin-walled rectangular concrete-filled steel tubular (CFST) slender beamcolumns with local buckling effects. The accuracy of the numerical model is established by comparisons of numerical results with existing experimental data. The verified numerical model is employed to investigate the effects of four parameters including concrete compressive strength, loading eccentricity, depth-to-thickness ratio and columns slenderness on the strength reduction factor and steel contribution ratio of CFST slender beamcolumns under biaxial bending. The results obtained indicate that increasing each of the four parameters decreases the strength reduction factor. The steel contribution ratio is found to decrease with an increase in the concrete compressive strength and depth-to-thickness ratio but increase with increasing the loading eccentricity and column slenderness ratios. It is shown that the numerical model is efficient and accurate for predicting the load-deflection curves and strength envelopes for thin-walled rectangular CFST slender beamcolumns under biaxial loads. Benchmark numerical results given in this paper provide a better understanding of the local and global interaction buckling behavior of high strength thin-walled rectangular CFST slender beam-columns and are useful for the development of composite design codes. 
Introduction
Thin-walled rectangular concrete-filled steel tubular (CFST) slender beam-columns are increasingly formed by high strength concrete and high strength steel tubes to support heavy loads in high rise composite buildings. These composite columns are characterized by high strength, large depth-to-thickness ratio, slenderness and biaxial bending. Numerical and experimental studies on the local and global interaction buckling behavior of biaxially loaded high strength thin-walled CFST slender beam-columns have been comparatively very limited. As a result, the understanding of their fundamental behavior is not sufficient. This demands investigations on the behavior of these composite columns particularly those with large depth-to-thickness ratios. This paper utilizes a numerical model developed to investigate the behavior of full-scale high strength CFST slender beam-columns with a wide range of parameters.
Only very limited experimental studies on the behavior of rectangular CFST slender beamcolumns have been performed in the past. Bridge (1976) conducted experiments on square CFST slender beam-columns under axial load and biaxial bending. Test specimens were constructed by normal strength steel tubes and concrete. Shakir-Khalil and Zeghiche (1989) and Shakir-Khalil and Mouli (1990) tested cold-formed steel tubes with yield strength of 386 MPa filled with normal strength concrete. However, the behavior of biaxially loaded high strength steel tubular steel slender beam-columns filled with high strength concrete has not been investigated. This paper has two aims. The first aim is to verify the numerical model presented in a companion paper ) for biaxially loaded high strength thin-walled rectangular CFST slender beam-columns by comparisons with experimental results (Patel et al. 2011) . The second aim of the paper is to study the effects of the concrete compressive strength, loading eccentricity, depth-to-thickness ratio and column slenderness on the strength reduction factor and steel contribution ratio of CFST slender beam-columns under biaxial loads.
Verification

Ultimate Axial Strengths
The ultimate axial strengths of rectangular CFST slender beam-columns under axial load and biaxial bending predicted by the numerical model are compared with test results provided by Bridge (1976), Shakir-Khalil and Zeghiche (1989) and Shakir-Khalil and Mouli (1990) in Table 1 . Specimens SCH-3, SCH-4, SCH-5 and SCH-6 were tested by Bridge (1976) while tests on Specimen R6 were conducted by Shakir-Khalil and Zeghiche (1989) and Specimens M2-M9 were tested by Shakir-khalil and Mouli (1990). The tensile strength of steel tubes for the Specimens was assumed to be 340 MPa. The initial geometric imperfection of 600 L at the mid-height of the columns was taken into account in the numerical analysis as it was not measured for Specimens R6 and M2-M9. It can be seen from Table 1 that there is a good agreement between computational solutions and experimental results. The mean value of the predicted to the experimental ultimate axial strength exp num u u P P is 1.01.
Ultimate Bending Strengths
The ultimate bending strengths of CFST slender beam-columns were determined using the numerical model for simulating the strength envelopes and are compared with experimental results presented by Bridge (1976), Shakir-Khalil and Zeghiche (1989) and Shakir-Khalil and Mouli (1990). The experimental ultimate axial loads were used in the numerical analyses to determine the corresponding ultimate bending strengths. Computational and experimental ultimate bending strengths obtained are given in Table 2 , where the experimental ultimate bending strength M n,exp was calculated as M n,exp = p u,exp × e. It can be seen from Table 2 that numerical predictions are in good agreement with experimental results. The ratio of the mean ultimate bending strength computed by the numerical model to the experimental value is 1.00. This comparison shows that the model can yield accurate predictions of the ultimate bending strengths of biaxially loaded CFST slender beam-columns.
Load-deflection Responses
The numerical model was used to predict the load-deflection responses of the Specimens tested by Bridge (1976). Fig. 1 shows a comparison of experimental and computational loaddeflection curves for Specimen SCH-3. The figure demonstrates that an excellent agreement between computer solutions and experimentally observed behaviors is obtained. It is noted that the initial stiffness of the tested specimen slightly differs from that predicted by the numerical model. This is likely attributed to the uncertainty of the actual concrete stiffness and strength as the average concrete compressive strength was used in the numerical analysis. 
Applications
The numerical model developed was used to investigate the effects of concrete compressive strengths, loading eccentricity ratio (e/D), depth-to-thickness ratio (D/t) and column slenderness ratio (L/r) on the strength reduction factors and steel contribution ratio. In the present parametric study, the initial geometric imperfection at the mid-height of the beamcolumn was taken as 1000 L . The yield stress and tensile strength of the steel tubes were 690 and 790 MPa respectively. The Young's modulus of steel tube was 200 GPa. The effects of local and post-local buckling were considered in all analyses.
Strength Reduction Factor
The strength reduction factor ( c ) is used to measure the performance of a CFST slender beam-column over its section and is defined as P n /P o , where P n is the ultimate axial strength of the CFST slender beam-column and P o is the ultimate axial strength of the column section under axial compression. The cross-section of a CFST slender beam-column used in the analysis was 600 × 700 mm. The angle of applied load was The relationship between the strength reduction factor and the concrete compressive strength ranging from 25 to 120 MPa is demonstrated in Fig. 2(a) . It would appear from Fig. 2(a) that the strength reduction factor of CFST slender beam-columns decreases with increasing the concrete compressive strength. This is attributed to the fact that the ultimate axial strengths of both the CFST slender beam-column and the column section are increased by increasing the concrete compressive strength, but the CFST beam-column section has a greater increment in its ultimate axial strength than the slender beam-column. When increasing the concrete compressive strength from 30 MPa to 60 MPa, 90 MPa and 120 MPa, the strength reduction factor of the slender beam-columns decreases from 0.25 to 0.20, 0.17 and 0.15 respectively. The effects of e/D ratio ranging from 0.0 to 2.0 on the strength reduction factor are presented in Fig. 2(b) . It appears from Fig. 2(b) that the strength reduction factor decreases with an increase in the e/D ratio. to 100. The figure shows that increasing the D/t ratio remarkably reduces the strength reduction factor. This means that the reduction in the ultimate axial strength of the column section is greater than that in the CFST slender beamcolumn. In other words, the D/t ratio has a lesser effect on CFST slender beam-columns than on the composite sections. For the column with D/t ratios of 20, 50 and 100, the strength reduction factors are 0.19, 0.17 and 0.14 respectively. Fig. 2(d) presents the effects of the column slenderness ratio ranging from 0.0 to 100 on the strength reduction factor. The strength reduction factor appears to decrease significantly with an increase in its L/r ratio as shown in Fig. 2(d) .
Steel Contribution Ratio
The steel contribution ratio s , which is defined as the ratio of the ultimate axial strength of the hollow steel tube s P to the ultimate axial strength of the CFST slender beam-columns The steel contribution ratio-concrete compressive strength curve predicted by the numerical model is demonstrated in Fig. 3(a) . The figure shows that increasing the concrete compressive strength ranging from 35 to 120 MPa significantly reduces the steel contribution ratio. It should be noted that the concrete compressive strength has a pronounced effect on the axial strength of the CFST beam-column but has no effect on the strength of the hollow steel tube. The calculated steel contribution ratio for the concrete compressive strength of 35 MPa and 120 MPa is 0.70 and 0.48 respectively. The steel contribution curve is described as a function of the e/D ratio ranging from 0.0 to 2.0 in Fig. 3(b) . It appears from Fig. 3(b) that the steel component has a greater contribution to the ultimate axial strength of a CFST slender beam-column when subjected to a lager loading eccentricity. This may be explained by the fact that the ultimate axial strengths of both the hollow steel tube and the CFST column are reduced by increasing the loading eccentricity, but the CFST column has a greater reduction in its ultimate axial strength than the hollow steel tube. The steel contribution ratio of the rectangular CFST slender beam-column under axial compression is 0.41, while it is 0.75 with an e/D ratio of 2.0. Column slenderness ratio L/r columns than on the hollow steel tubes. The steel contribution ratio of CFST slender beamcolumn with a D/t ratio of 20 is 0.76, while it is 0.30 for the column with a D/t ratio of 100. The effects of the L/r ratio ranging from 5 to 100 on the steel contribution ratio of biaxially loaded CFST slender beam-columns are shown in Fig. 3(d) . The steel contribution ratio is found to increase with an increase in the L/r ratio. It is noted that increasing the column slenderness significantly reduces the ultimate axial strength of both the hollow steel tube and CFST column, but the strength reduction in the CFST column is greater than that in the hollow steel tube. The steel contribution ratios are 0.5, 0.57 and 0.65 for the columns with L/r ratios of 20, 50 and 100 respectively.
Strength Envelopes
The strength envelopes of CFST columns under biaxial loads were developed by varying the column slenderness ratios. The dimension of the column section was 500 ×500 mm. The angle of the applied load with respect to the y-axis was 
Conclusions
In this paper, comparative studies were conducted to verify the accuracy of the numerical model developed for biaxially loaded high strength thin-walled rectangular CFST slender beam-columns with local buckling effects. The numerical model was employed to investigate the effects of four parameters including the concrete compressive strength, loading eccentricity ratio, depth-to-thickness ratio and columns slenderness ratio on the structural performance of high strength thin-walled rectangular CFST slender beam-columns in terms of the strength reduction factor, steel contribution ratio and strength envelopes. Numerical results demonstrate that the strength reduction factor decreases with an increase in each of the four parameters. The steel contribution ratio decreases with increasing the concrete compressive strength and depth-to-thickness ratio but increases with an increase in the loading eccentricity and column slenderness ratios.
